Visual search for a colour target in distractors of two other colours is dramatically affected by the configuration of the colours in CIE (x, y) space. To a first approximation, search is difficult when a target's chromaticity falls directly between (i.e. is not linearly separable from) two distractor chromaticities, otherwise search is easy (D'Zmura [1991, Vision Research, 31, 951-966]; Bauer, Jolicoeur, & Cowan [1996a , Vision Research, 36, 1439 -1466; Bauer, Jolicoeur, & Cowan [1996b , Perception, 25, 1282-1294). In this paper, we demonstrate that the linear separability effect transcends the two distractor case. Placing a target colour inside the convex hull defined by a set of distractors hindered search performance compared with a target placed outside the convex hull. This is true whether the target was linearly separable in chromaticity only (Experiments 1 and 2), or in a combination of luminance and chromaticity (Experiments 3 and 4).
Introduction
reported several well-controlled demonstrations that provided a firm empirical grounding for a theory proposed by D'Zmura (1991) to account for data he obtained in a series of visual search experiments in the colour domain. When observers searched for a disc of a given colour in a field of discs of two other colours, performance was dramatically dependent on the configuration of the colours in CIE (x, y) colour space. Specifically, if the target colour fell directly between the distractor colours in CIE (x, y) space, search times were a pronounced increasing function of the number of items in the search display. However, if the target colour was off the line joining the distractor colours, search resulted in markedly flatter slopes, suggesting that the display could be processed with little cost of increasing the number of display elements or set size 1 . These findings suggested that if a search target can be segregated from the distractors in feature space (here CIE (x, y) space) by a linear operator, search will be easy. If no such linear operator can be instantiated, search will be difficult. D'Zmura (1991) posited the existence of a linear chromatic detection mechanism that can be deployed in search for a target in a field of distracting colours. D'Zmura stated that parallel search can occur when, ''observers can set a threshold on a spatially-extended chromatic mechanism that adequately distinguishes, in the local response of the mechanism to the display, the target from the distractors'' (p. 955). Bauer et al. (1996a) demonstrated that this phenomenon occurs in many loci in colour space and ruled out several alternative explanations for the results (Bauer et al. 1996a,b; Bauer, Jolicoeur & Cowan, 1998) . They reconceived the phenomenon in terms of linear separability of the target from the distractors in colour space. In Fig. 1 (left) , the target colour T1 is collinear in orientation space mirrors the increasing ease of search for a not separable target in colour space provided by Bauer et al. (1996a,b) . In those experiments, as the distance between the collinear target and distractors was increased, markedly difficult search became systematically easier. It is also notable that the effect of collinearity has also been demonstrated by Wolfe and Bose (1991) for squares of varying size and for spatial frequency. The unidimensional cases of collinearity presented by Wolfe et al. (1992) and Wolfe and Bose (1991) , plus the bidimensional cases in colour space reported by D'Zmura (1991) and Bauer et al. (1996a, b) suggest that performance in search tasks for a target in a heterogeneous background of two distractor types can be predicted in part by the configuration of the targets and distractors in feature space with collinearity as an important determinant.
The preceding discussion leads to an empirical question whose answer is clearly important for the linear separability issue and for theorizing and modeling vis-à-vis visual search. Is the linear separability effect restricted to the case where there are two distractors (one on each side of the collinear target), or does it generalize to cases in which there are more than two distractors and in which the target is not necessarily directly between any pair of distractors? A straightforward prediction based on linear separability is that a target should be difficult to find whenever it is inside the convex hull defined by a set of distractors. For such cases, no single linear operator can segregate the target from all of the distractors. This principle is illustrated in Fig. 4 .
In the left panel, there is no single straight line that can segregate the target (T) from all the distractors (D1, with the distractors D1 and D2 in colour space. Because there is no straight line that can simultaneously separate T1 from both D1 and D2 we call this a not linearly separable configuration. This type of configuration produces steep slopes as depicted by idealized data on the right. In Fig. 2 (left) , the dashed line does separate the target T2 from the distractors. In this linearly separable case, the search times are roughly independent of the number of display items as depicted in Fig. 2 
(right).
Other cases of difficult search for an 'intermediate' element in a display of items that flank it in feature space have been reported (Moraglia, 1989; Wolfe & Bose, 1991; Wolfe, Friedman-Hill, Stewart & O'Connell, 1992; Macquistan, 1994) . Wolfe et al. (1992) reported that search for a vertical line (0°) in left-tilted (− 20°) and right-tilted (+20°) lines resulted in a difficult search. This result is consistent with the linear separability claim because the 0°target can be conceptualized as lying between the920°distractors, in a unidimensional orientation space (akin to an analogous unique hue line in colour space). This is presented in Fig. 3 .
In this diagram, the 0°orientation line segment falls between the flanking9 20°line segments and is therefore not linearly separable from the other two. Wolfe et al. (1992) further demonstrated that the effect of collinearity wanes as the flanking lines are increased in their orientation difference from the target. This effect corresponding error rates. Error bars represent 9 1 standard error computed with the method prescribed by Loftus and Masson (1994) for within-subject designs. D2, D3) simultaneously. In the right panel, such a line (e.g. the dashed line) can be drawn. If the effect of linear separability does generalize to this case, then we should see difficult search for the configuration at left (i.e. a not linearly separable case) and a relatively easy search for the configuration at right (i.e. a linearly separable case). Such a result would be impressive because simply replacing distractor D1 with D4 qualitatively changes the search from hard to easy (as did moving the target from T1 to T2 in Figs. 1 and 2 ). Of course, the acceptance of linear separability as the principle at work requires that several other hypotheses be ruled out. Bauer et al. (1996a Bauer et al. ( ,b, 1998 discounted several other plausible accounts for the effect in the two-distractor case such as difficulty in pairwise discrimination of the colours and confounds of distractor heterogeneity and target-distractor similarity.
Experiment 1
To test whether the effect of linear separability holds with three distractors, we chose colours in CIE 1976 UCS as depicted in Fig. 5 . CIE 1976 UCS is a linear transformation of CIE (x, y) space with the following useful properties: a straight line in CIE (x, y) space will remain straight in CIE 1976 UCS provided the colours are equiluminant, and Euclidean distance between pairs of colours is meaningful in terms of colour discrimination (any two colours separated by the same distance will be approximately as discriminable from each other). In Fig. 5 , the colours marked with the large black dots and arbitrarily labeled, 2, 11, 13, 8, 12, and 10 were used as distractor colours. They were all approximately equidistant (and therefore equally discriminable) from the target colour 5 because they lie on a circle whose center is colour 5. In addition, all adjacent pairs in this set on the circumference of the circle are roughly equidistant. The colours labeled 1-9 in Fig. 5 were used in practice trials.
To compare the effect of linear separability for three distractors with that for two distractors, we had each subject perform four types of visual search. Because of the many symmetries in the colour configuration illustrated in Fig. 5 , several different sets of searches were performed between subjects. Within each set, the colours were selected to create the following four conditions: linearly separable, two distractors (e.g. target 5, distractors 11 and 10); not linearly separable, two distractors (e.g. target 5, distractors 11 and 12); linearly separable, three distractors (e.g. target 5, distractors 2, 11, and 10); not linearly separable three distractors (e.g. target 5, distractors 10, 11, and 8). With this set of conditions, we contrasted performance in the two distractor case with that in the three distractor case under conditions of linear separability versus not linear separability. The critical test for this contrast is the interaction of the number-of-distractors by separability and by set size. Such an interaction would reveal that the number of distractors modulates the linear separability effect on search slopes. This interaction could take several forms: in one form, there would be an effect of separability for the two-distractor case (this would be predicted a priori given the results of D 'Zmura, 1991, and Bauer et al., 1996a) and no effect of separability (or a greatly reduced effect) for the three-distractor case. This would suggest that the effect of linear separability is limited to a one-dimensional distractor space in which the target colour is directly between the distractor colours. In another form, the effect of linear separability could be larger for three distractors than in the two-distractor case, suggesting that the effect does obtain in a two-dimensional distractor space, but that its nature needs to be studied more to investigate the change in the effect. A third possibility is no such three-way interaction, suggesting that the effect of linear separability is equivalent in these two conditions.
Method

Subjects
The experiment presented here was conducted as part of an upper-year honours psychology research course. In total 12 student-experimenters each tested themselves and several additional subjects drawn from the undergraduate subject pool. These undergraduate students were given course credit for their participation. All subjects reported normal or corrected-to-normal acuity and normal colour vision.
Equipment
The group experiment was performed on an Apple Macintosh Quadra 950 and an Apple high-resolution 16 inch RGB monitor (832×624 pixels). CIE (x, y) coordinates and luminance values in cd/m 2 were measured using a Minolta Chroma Meter CS-100.
Stimuli
Stimuli were coloured discs presented on a neutral background (x = 0.287, y = 0.292) which was equiluminous with the targets and distractors at 19.4 cd/m 2 . We used this background in order to permit a large number of target and distractor colours in this region of colour space that are clearly discriminable from the background colour.
2 Details regarding the acquisition of the RGB DAC values for the required colours can be found in Bauer et al. (1996a) .
The coloured target and distractor discs had a diameter of 0.76°of visual angle. The discs were presented in set sizes 4, 16, and 36, with the target present on half the trials. When the set size would not permit equal representation of all distractors in a display (e.g. set size 4, three distractors, target absent) the distractors occurred in mean-equal numbers, with the over-or under-representation (by at most one) of some of the distractors left to chance. The coloured discs were presented at locations on imaginary 6×6 grid (about 7.5× 7.5°subtense). The position of each disc was randomly offset up to 9 1/3 disc-width on x and y. The target never appeared in any of the four corner positions of the imaginary grid and within a block of experimental trials, the target appeared equally as often in each of the remaining 32 positions. A list of 192 trials was generated for each block. This list contained one complete crossing of three factors: target absent/present (2) set size (3) and target position (32). On a given trial the distractor colours were allotted randomly to the positions remaining after the target (if present) had been placed until the set size was achieved. This list was then randomized with the following constraints: a given set size or a given trial type (target present/absent) appeared in no more than three consecutive trials.
To familiarize the subjects with the experimental procedure, a 30 trial pre-experiment practice session was provided. In these trials, subjects searched for a single target colour in a background of distractors of one colour. During the experimental trials, they searched for a single target colour in distractors of either two or three colours depending on the experimental condition. For each experimental block, there were 40 practice trials and one run of 192 experimental trials.
Procedure
Subjects were dark adapted for several minutes before trial presentation. They were seated before the monitor and instructed that they would see displays of varying numbers of coloured dots. Their task was to signal, using the computer keyboard, the presence or absence of a memorized target colour (colour 5) that would be shown to them prior to a block of trials. For half the subjects, target presence was signaled with the 'm' key and absence with the 'c' key. For the other half of the subjects the mapping was reversed. For each search, prior to the presentation of the recorded trials, a display with a sample disc of each of the target and distractor colours (labeled as such) was presented to enable subjects to commit these colours to memory. When the subject felt that he or she could remember the colours, a keystroke was given to start the recorded trials. Recorded trials proceeded as follows: a '+ ' or a ' − ' was presented centrally for 400 ms to signal a correct or an incorrect response on the previous trial (the first trial of a session was preceded by a '+ '). The fixation symbol disappeared and was replaced immediately by the search display, which was terminated following a response. There was a 400 ms pause before presentation of the next fixation symbol.
The target and distractor colours for the pre-experimental, 30-trial practice session were adjacent pairs selected at random from colours 1 -9 in Fig. 5 . Once these trials were completed, each subject performed four blocks of experimental trials that resulted from the two × two crossing of the number of distractor colours (2 or 3) with linear separability (yes or no).
Due to the configuration of colours chosen (see Fig.  5 ), the cells of this design were unbalanced with respect to the number of different possible combinations of colours that could be used to create an instance of a particular type of search. In Table 1 we list the different colour combinations used to instantiate the four search conditions. Six combinations were used for each of the two and three distractor linearly separable conditions. For the not linearly separable two distractor condition we used three combinations, and for the not linearly separable three distractor condition, we used two combinations. The within-cell colour combinations were sampled without replacement across subjects until the combinations within a cell were exhausted. The cell members were then replaced and re-sampled as required.
For each subject, the order of events was as follows: adaptation in a dimly lit room, briefing, 30 pre-experimental practice trials (one target, one distractor), and finally four searches (40 practice plus 192 experimental trials per search) with one target and two or three distractors. In each block of 192 experimental trials a subject-terminated rest period was provided after every 70 trials. After each search, the experimenter prepared the computer for the next search. The order of the four experimental searches was counterbalanced across subjects using a Latin Square.
Analysis
The response times from 'correct' trials were screened for outliers using the modified recursive outlier procedure with moving criterion described in Van Selst and Jolicoeur (1994) . This procedure removes, as outliers, any values beyond calculated upper and lower boundaries. These boundaries are established based on the number of observations in the cell, the cell mean, and the variance. Reported reaction times are based on valid responses only; that is, reaction times from 'cor- rect' trials that also passed the outlier procedure. We collapsed the data over the within-cell colour configurations (see Table 1 ) to reduce the design to the four factors of interest. The model for the main analysis was a two (target present/absent) × two (linear separability) ×three (set size 4, 16, 36)×two (distractors 2 or 3) within-subjects design.
Results
Pre-experimental practice session
Although the subjects were quite unpracticed, it is worthwhile to examine the results of their 30-trial practice session. The purpose of this analysis was to verify that pairwise, the colours were distant enough to result in essentially flat slopes. Valid practice data were available for 31 subjects 3 . Outlier screening resulted in the elimination of about 4% of the raw data points. Targetabsent trials led to longer reaction times (1751 ms) than did target present trials (1181 ms), F(1, 30) =6.51, PB 0.02, MS e = 2322615. The mean percent error rates were roughly equal across the target-absent (11.2%) and target-present (12.4%) conditions, FB1. The main effect of set size in reaction times was marginal F(2, 60)=2.51, PB 0.090, MS e = 458438, (set size 4, 1356 ms; set size 16, 1424 ms; set size 36, 1619 ms). This effect was significant in the error rates, F(2, 60)= 8.76, Fig. 10 . Schematic depiction of the colours used in Experiment 3. Target T and distractor colours labeled 2, 12, 13 lie in an equiluminant plane at 19.0 cd/m 2 . T is not linearly separable from (i.e. is coplanar with) these three distractor colours. Colours labeled 2 − and 13 − are lower in luminance (16.0 cd/m 2 ). T is linearly separable from (i.e. is not coplanar with) 2 − , 12, 13 − . T − lies in or near the plane defined by 2 − , 12, 13 − and is therefore not linearly separable from these distractors. T − is however linearly separable from 2, 12, 13. P B0.001, MS e = 164, likely as a result of a 17% error rate in the set size 36 cell with the other two set sizes resulting in about 9% error. The set size by absence/presence interaction presented in Fig. 6 was significant in the RTs F(2, 60)= 3.43, PB0.039, MS e =523112, and in the error rates, F(2, 60)= 4.55, PB0.015, MS e =223. This significance of the interaction in the RTs appears to be the result of a very small set size effect for target present trials and a larger effect (a slope of about 15 ms/item) for targetabsent trials. These plots are based on very few data points per subject per cell, but they do suggest that even at this early stage in the experiment, subjects could discriminate between the colours fairly easily. These colour pairs are approximately as distant as nearest pairs in the experimental trials. The implication is that any marked slopes found in the experimental trials are not likely due to a difficulty in discriminating the target from any particular distractor.
Experimental trials
Reaction time data from 34 subjects (see footnote 2) was screened for outliers as described in the analysis section above. This procedure resulted in the rejection of 461 trials (2.0% of correct reaction times). The remaining reaction times and the error rates were submitted to a four factor within subjects analysis of variance with number-of-distractor colours (two or three), linear separability (yes or no), target status (absent or present), and set size (4, 16, or 36) as factors. The mean response times and error rates are shown in Fig. 7 .
The data were also analysed without outlier trimming. The pattern of results in the means and slopes was essentially the same as with the trimmed data. In all cases, the significance of effects and interactions in analyses of variance, at a criterion of h =0.05, was the same for the trimmed and untrimmed data. Therefore, we report the results from the outlier-trimmed data.
Main effects
There was a main effect of the number of distractor colours. The mean reaction time for three distractorcolour trials (2353 ms) was longer than that for two distractor-colour trials (2137 ms), F(1, 33)= 4.31, PB 0.046, MS e = 2205203. The main effect of linear separability was highly reliable, with linearly separable trials requiring less time than not linearly separable Fig. 11 . Experiment 3: results for subject BB. Reaction time is plotted in the upper panels and error rates in the lower panels. Left: search for T was difficult in not linearly separable distractors 2, 12, and 13 (square plotting symbols); search for T was much easier in linearly separable distractors 2 − , 12, and 13 − (round plotting symbols). Right: Search for T − was difficult in not linearly separable distractors 2 − , 12, and 13 − (square plotting symbols); Search for T − was much easier in linearly separable distractors 2, 12, and 13 (round plotting symbols). Abs, target-absent; pres, target-present; lsep, linearly separable; nsep, not linearly separable). 
Interactions
No two-way interaction including number of distractor colours was significant, all FB1. Linear separability did interact with absent/present, F(1, 33)= 7.36, PB 0.011, MS e = 164768, with a 943 ms effect of absence/ presence in the linearly separable condition and a 1098 ms effect in the not linearly separable condition. Linear separability interacted with set size, F(2, 66)= 32.37, PB 0.001, MS e = 337039, with a significant linear component of set size, F(1, 33)= 33.66, PB0.001, MS e = 638249. The estimated slope was greater for not linearly separable trials (70 ms/item) than for linearly separable trials (46 ms/item). Target absence/presence also interacted with set size, F(2, 66) = 102.69, PB 0.001, MS e = 283040, with a significant linear component of set size, F(1, 33)= 118.91, PB 0.001, MS e = 448015. The estimated slope was 77 ms/item for absent trials and 39 ms/item for target present trials. Note the approximately 2:1 ratio between these slopes.
The two, three-way interactions including number-ofdistractor-colours and linear separability (number-ofdistractor-colours by linear separability by absent/present, and number-of-distractor-colours by linear separability by set size) were not significant, both FB1.
The three-way interaction between the number-ofdistractor-colours, absent/present and set size, was marginal, F(2, 66)=2.62, PB 0.08, MS e = 110670. The linear separability by absent/present by set size interaction was significant, F(2, 66)= 3.44, PB 0.04, MS e = 75449. This interaction was probably driven by a greater effect of absence/presence in the not linearly separable condition (slopes of 91 vs. 49 ms/item, respectively) than in the linearly separable condition (slopes of 63 vs. 28 ms/item, respectively).
The four-way interaction was not significant, FB1. In essence, the results in the two reaction time plots are very similar. With the exception of a small intercept difference, the plots are almost identical, as suggested by the absence of significant interactions involving number-of-distractors (FB1 in all cases).
Error rates
The main effect of number of distractor colours was significant, F(1, 33) = 10.28, PB0.003, MS e = 191, with two distractors leading to about 11% error and three distractors leading to about 14% error. The effect of linear separability was reliable, F(1, 33)= 17.52, PB 0.001, MS e = 187. The error rate on linearly separable trials was 11 versus 15% on the not linearly separable trials. The main effect of target absence/presence was highly significant, − and D4 D4 − , EO: Dl D1 − and D3 D3 − ), target T is linearly separable from the set of four distractors in a combination of luminance and chromaticity. Target T − lies in or near the plane defined by distractors D1, D2 − , D3, and D4 − and is not linearly separable from these distractors. The interaction of linear separability with target absence/presence was significant, F(1, 33)= 12.10, P B 0.001, MS e = 100. Error rates for target present trials were similar at 6-7% for both linearly separable and not linearly separable trials. For target absent trials, errors were rates were higher (21%) in the not linearly separable condition than in the linearly separable condition (15%).
The linear separability by set size interaction was significant, F(2, 66) =13.46, PB 0.001, MS e =45, with not linearly separable trials leading to a greater increase in errors as a function of set size than linearly separable trials. For target absent trials, the error rate was approximately 7% for all set sizes, whereas for target present trials, misses increased with set size, F(2, 66) = 114.27, PB0.001, MS e =80, (for target present trials, set sizes of 4, 16, 36, resulted in mean errors 7.6, 16.9, and 29.6%, respectively).
The three-way interaction between linear separability, number of distractor colours, and target absence/ presence was not significant, F(1, 33)= 2.81, P \ 0.10, MS e = 141. The linear separability by number of distractor colours by set size interaction was not significant, FB 1. The linear separability by absence/presence by set size interaction was significant, F(2, 66)= 11.85, PB 0.001, MS e = 41, probably driven by a particularly high error rate for set size 36, target present, not linearly separable trials. The interaction between the number of distractor colours, set size, and target absence/presence was significant, F(2, 66)= 5.44, P B 0.006, MS e = 39. This was probably the result of relatively stable error rates for target absent trials at about 5-10% (false positives) and the number of misses increasing with set size on target present trials particularly for the three distractor condition. The four way interaction was not significant, F(2, 66) =1.24, PB 0.297.
The slopes of the linear fits to the results in Fig. 7 are listed in Table 2 .
Discussion
The results show a clear performance benefit (reduction in search slope and errors) in going from a not linearly separable to a linearly separable colour configuration. Furthermore, this effect was just as strong in the three distractor case as it was in the two distractor case evidenced by the absence of any significant interaction of number-of-distractors with linear separability. This result is noteworthy because in the three distractor case, the target is linearly separable from each pair of distractors, but is not simultaneously linearly separable from all three. Linear separability of the target from the distractors as a set appears to be critical. This evidence demonstrates that linear separability effects transcend the case where the target is midway between two distractor colours.
The present results provide an explanation for the results of Farmer and Taylor (1980) . Their subjects searched displays of 15 items for a neutral target in two different types of distractor sets. In one set, the five distractor colours formed an irregular pentagon in CIE (x, y) space containing the target which was a neutral grey; the target was not linearly separable from the distractors. In the other set, the distractor colours were all on one side of colour space; the target was linearly separable from the distractors. In the not linearly separable case, search times were longer than in the linearly separable case, however, this is not an unambiguous demonstration of linear separability in a greater-thantwo distractor case because distractor heterogeneity and target-distractor differences also varied (see Duncan & Humphreys, 1989 , but see Bauer et al., 1996b) .
Experiment 2
The results of Experiment 1 provided strong support for the linear-separability hypothesis and for the view that the number of distractor colours has only modest effects on the slopes of the search functions. We were sensitive to the fact that subjects had only minimal practice in visual search, and we wondered if well practiced subjects would exhibit a different pattern of results across the two-and three-distractor conditions. Perhaps more highly practiced subjects could benefit from the fact that in the three-distractor case, the target actually was linearly separable from each pair of distractors and could thereby produce shallower slopes than in the two-distractor case. A linear separator could isolate the target and one of the distractors from all other items, leaving only a relatively small number of items to search through.
To provide additional support for the main conclusions reached in our interpretation of the results of Experiment 1, we replicated the search conditions used in Experiment 1 with two experienced psychophysical observers.
Method
Subjects
Subject BG (male, age 24) had performed approximately 10 000 visual search trials similar to those in the present experiment prior to the trials reported here. Subject TO (female, age 24) had completed more than 30 000 visual search trials in several areas of colour space prior to providing the present results. Both scored in the normal range on the Farnsworth-Munsell 100 Hues test, the Nagel Anomaloscope, and on the Ishihara pseudo-isochromatic plates 4 .
Equipment and stimuli
Stimuli were presented on a MacIntosh II computer with an Apple 14 inch high resolution RGB monitor. Colours measurement procedures and display parameters were as in Experiment 1.
Procedure
The experimental procedure was modified for these subjects as follows: inspection of Table 1 reveals that there are more configurations of colours resulting in separable than not separable searches. In order to take this fact into account, each observer performed six searches in each cell of the design shown in Table 1 . In the linearly separable conditions (two or three distractor conditions), each of the six possible combinations of colours was used in one search. Each of the three possible combinations in the not-separable, two-distractor cell (bottom left cell in Table 1 ) were used twice. Finally, each of the two possible combinations in the not-separable three-distractor cell (bottom right cell in Table 1 ) were used three times. This resulted in 24 searches per subject. Within a given search, the trial structure was similar to that in Experiment 1 reported above, with the exception that the 192 trials were split into two subblocks (block A and block B) of 96 trials each. The subjects first completed the 24 searches of the 2× 2 design with the block A trials, then repeated the entire design with the block B trials 5 . Each block was preceded by 40 practice trials. Over the 24 searches, the four cells of the 2 × 2 were sampled randomly with the constraint that no two contiguous searches were from the same cell. Each subject performed a total of 6528 trials (including practice) over a period of several days.
Results
The outlier screening used in Experiment 1 was also used here and resulted in the elimination of 1% of BG's data and 1.6% of TO's data. The pattern of results from these two trained subjects nicely corroborated the results of the untrained subjects in Experiment 1. Search slopes are presented in Table 3 . Reaction times and error rates for subjects BG and TO are presented in Figs. 8 and 9 , respectively. Note the scale differences in the ordinate across these two subjects and in comparison with Fig. 7 . Obviously, overall slopes were a func-tion of the level of practice with the neophyte subjects in the group experiment (Fig. 7 and Table 2 ) producing the greatest slopes. Subject BG with some experience in this type of search (approximately 10 000 trials) produced intermediate slopes, and the most experienced subject TO (approximately 30 000 prior trials) produced the shallowest slopes. Clearly, we have shown that there is a dramatic difference in absolute levels of performance between trained and untrained observers. However, even in the presence of these large overall differences, the relative pattern of results replicates. Linear separability strongly determines search performance with number-of-distractors exerting relatively little effect.
As in Experiment 1, there appears to be some small additional cost (mainly in errors) in searching for the target colour amongst three distractors as opposed to two, however this cost is relatively small, when compared with the clearcut increase in search slopes from the linearly separable to the not linearly separable conditions.
These results provide a good test of the generalizeability of the linear separability hypothesis proposed by Bauer et al. (1996a) to a higher dimensional distractor space. From the results of the two experiments presented above, it is evident that the change from two to three distractors had little effect, except perhaps to raise the overall reaction time in Experiment 1 by a small (though not significant) constant. However, this main effect is not evident in the data from the practiced subjects. On the other hand, the striking difference between performance under conditions of linear separability and not linear separability was consistent across the group and individual experiments suggesting that linear separability is a strong predictor of performance.
The linear separability principle predicts that it is not necessary for the target to be directly between any particular pair of distractors. It was important to test this prediction using configurations such as those used in Experiments 1 and 2, to demonstrate the generality of the principle. Our results suggest that search will be more difficult whenever the target is inside the convex hull defined by a set of distractor colours than when the target is outside of this convex hull (see Farmer & Taylor 1980) . Bauer et al. (1996a) demonstrated that the linear separability phenomenon also holds for colours out of the equiluminant plane. They used a configuration of colours in which the target and the distractors all shared the same CIE (x, y) coordinates, but varied in luminance. When the target was the colour with the intermediate luminance, search was difficult. When the target was of either extremes, the search was easy. From this result (and others, see Bauer et al., 1996a) they suggested that the linear separability phenomenon should be obtained in any direction of colour space. By extension, we argue that search will be difficult when the target is contained by the convex hull defined by the distractors provided that the convex hull is not too large (see Bauer et al., 1996a) .
Experiment 3
In Experiment 3, we extended Experiments 1 and 2 by combining the use of three distractor colours with a manipulation in the third dimension of color space-luminance. As illustrated in Fig. 10 , we used two different sets of distractors, each forming a triangle in colour space. One set consisted of distractors 2, 12, and 13 which lie in an equiluminant plane. The other set also included distractor 12, with the remaining two distractors reduced in luminance to produce distractors 2 − and 13
− . This has the effect of tipping one side (2-13) of the first triangle down in the three-dimensional colour space (see Fig. 10 ). Two different targets were used, T was equiluminant (coplanar) with distractors 2, 12, and 13. The other target T − was in the plane defined by distractors 2 − , 12, and 13 − . These two targets and two sets of distractors were crossed to create two not linearly separable conditions and two linearly separable conditions. The two not linearly separable conditions were T in distractors 2, 12, and 13, and, T − in distractors 2 − , 12, and 13 − . The two linearly separable conditions were T − in distractors 2, 12, and 13, and, T in distractors 2 − , 12, and 13 − . Note that the first of the two not linearly separable conditions (T in distractors 2, 12, and 13) is similar to one of the conditions tested in Experiments 1 and 2, and should produce difficult search.
Method
Subjects
Subject BB (male, age 34) and EO (female, age 28) were highly practiced subjects. Both had tested normal on the Nagel Anomaloscope, and on the Ishihara pseudoisochromatic plates (see footnote 4).
Equipment and stimuli
Stimuli were presented using an Apple Power MacIntosh 6100 with an Apple 14 inch high resolution RGB monitor. Colours were measured in the same way as in the experiments above. Display layout parameters were as in Experiments 1 and 2. As noted in the introduction to Experiment 3 there were two linearly separable conditions and two not linearly separable conditions. See Table 4 for the colour configurations corresponding to the four conditions. Target colour 5 (T), and distractors 2, 12, and 13 were presented at 19.0 cd/m 2 . Target (T  − ) was presented at 17.5 cd/m 2 , and distractors 2 − and 13 − were presented at 16.0 cd/m 2 . See Fig. 5 and Appendix A for the chromaticities for these colours.
Procedure
Both subjects performed two blocks of trials for each of the four conditions. Each block contained 40 practice trials and 192 experimental trials. Response keys, timing parameters, and feedback were as in Experiment 1. Trial order was quasi-random.
Results
Outlier screening (see Experiment 1) resulted in the elimination of less than 1% of BB's data and 3% of EO's data. Search slopes are presented in Table 4 . Reaction times and error rates for subjects BB and EO are presented in Figs. 11 and 12, respectively. Obviously search performance is dramatically influenced by linear separability. Search slopes for the linearly separable conditions (including the three distractor nonequiluminant condition) are essentially flat. One might be concerned that in one of the linearly separable conditions (T − in distractors 2, 12, and 13), the target was easy to detect because it was the sole item on the screen that was darker than the background. That is T − at 16.0 cd/m 2 was darker than all distractors and the background which were presented at 19.0 cd/m 2 . BB also performed two blocks of control trials with T − in distractors 2, 12, and 13, but with a background luminance of 10 cd/m 2 so that T − was darker than the distractors, but brighter than the background. Search slopes were modest (17 ms/item for target absent trials and 9 ms for target present trials) suggesting that search slopes for the corresponding condition with the 19.0 cd/m 2 background had not been low just because subjects were searching for the item that was darker than the background. It is not unexpected that search slopes were slightly elevated from that corresponding condition because reducing the background luminance also reduces the chromatic crisping effect, thereby reducing the perceived colour differences between the items (e.g. Jacobsen, 1986) .
The search slopes for the two not linearly separable conditions were 43 ms/item (target absent) and 21 ms/item (target present) averaged over the two observers. These were reduced to 12 ms/item (target absent) and 4 ms/item (target present), by making the target linearly separable in the three-dimensional colour space. When linearly separable, the target could be segregated from the distractors by a plane that cuts the three-dimensional colour space into two regions. The first region contained only the target. The second contained only the distractors. It appears that the linear discrimination mechanism can be oriented arbitrarily in colour space in and out of the equiluminant plane.
Experiment 4
Experiment 4 generalized the results of Experiment 3 configurations using four distractor colours. As in Experiment 3, a target was placed inside a set of distractors (here four distractors) and difficult search was found. This occurred when all items were equiluminant, and also when the target fell inside the set of four nonequiluminant distractors. Easier search was found when the target was made linearly separable in a combination of luminance and chromaticity by reducing two of the distractors in luminance (see Fig. 13 ).
Method
Subjects, stimuli, and procedure
The set of four equiluminant distractor colours formed a rectangle in colour space with the target colour in the centre. The configuration of the colours is schematically depicted in Fig. 13 , and Appendix B contains the CIE (x, y) and CIE (u%, 6%) coordinates for these colours. The subjects and equipment were the same as in Experiment 3. The experimental display parameters were the same as in Experiment 1 except for the set sizes, which were 9, 21, and 33, to ensure that there were at least two instances of each of the four distractors in the smallest set size, at least five of each in the intermediate set size, and at least eight at the largest set size.
Target T at 17.0 cd/m 2 was not linearly separable from equiluminant distractors D1-D4, also at 17.0 cd/m 2 . The target T − (16.0 cd/m 2 ) was linearly separable from this set of distractors. Target T − was near the plane defined by distractors D1 D2 − , D3, and D4 − where D2 − and D4 − were presented at 15.0 cd/m 2 . This latter not linearly separable configuration was used for subject BB. EO was tested in an analogous condition with target T − which was not linearly separable from D1 − , D2, D3 − or D4. We also included four two-distractor conditions for comparison. Two of these were linearly separable conditions; T in D1 and D3 and T in D2 and D4. Two were not linearly separable conditions: T in D2 and D3 and T in D1 and D4.
Each subject ran one block (40 practice plus 192 experimental) trials per condition. Outlier screening (see Experiment 1) resulted in the elimination of less than 1.4% of BG's data and 1.3% of EO's data. Table 5 summarizes the conditions and the results.
Note that T was not linearly separable from the four Ds as a group nor from the diagonal distractor pairs. We found difficult search for T in all these cases. We also found easy search for T when the (2) distractors were either the leftmost (D1 and D3) or rightmost (D2 and D4) pairs because the target was linearly separable from these pairs of distractors. Most importantly, when the rightmost pair of distractors (D2 and D4, for BB) or the leftmost pair (D1 and D3, for EO) were reduced in luminance, target T became simultaneously linearly separable from all distractors, which allowed easy search. Placing the target T − back into the plane defined by the non equiluminant distractors made search difficult again.
Obviously search performance was dramatically influenced by linear separability. Search slopes for the linearly separable conditions (including the four distractor nonequiluminant conditions) were essentially flat and error rates were low. Search slopes for the not linearly separable conditions were much steeper and error rates were higher. The fact that the linear separability phenomenon was reproduced with colours that differed in both chromaticity and luminance suggests that the linear discrimination mechanism can be oriented in any direction in colour space in and out of the equiluminant plane. Furthermore, recent evidence suggests that this mechanism is flexible and adaptive and can be reoriented on a per trial basis to discriminate a linearly separable target from various pairs of distractors (Olds, Cowan & Jolicoeur 1997 ).
General Discussion
The results of Experiments 1 -4 provided two important results vis-à-vis linear separability in visual search. Firstly, these experiments have shown that the phenomena reported by D'Zmura (1991), and Bauer et al. (1996a Bauer et al. ( ,b, 1998 originally using two distractor colours, are also found in cases where there are more than two distractor colours. In Experiments 1 -3, we showed strong effects of linear separability for three-distractor colour configurations. In Experiment 4 we extended these results to four-distractor colour configurations. Secondly, we have shown that linear separability effects are not limited to the isoluminant plane. Targets that were not linearly separable from three distractors (Experiment 3) and from four distractors (Experiment 4) in a combination of chromaticity and luminance were more difficult to detect than targets that were linearly separable in chromaticity and luminance. This latter result extends a finding reported in Bauer et al. (1996a) . Bauer et al. had shown that a target that was linearly separable in luminance or in chromaticity supported easy search.
There were two additional interesting results from these experiments. Firstly, in Experiments 1 and 2, search slopes across the two-and three-distractor colour configurations were essentially the same. Secondly, in Experiments 1-3, a target that was actually linearly separable from each pair of distractors in the three distractor set, but not simultaneously linearly separable from all three members of the distractor set, resulted in difficult search. These two results clearly demonstrate that a target must be simultaneously linearly separable from all distractors to allow easy search.
The four experiments presented here, plus other recent converging evidence (see Bauer & McFadden, 1997; Olds et al., 1997 ) suggest a computational mechanism that can be oriented in any direction in colour three-space to distinguish a target from distractors in a combination of chromaticity and luminance. This mechanism can succeed as long as the target provides unique activation in some portion of 3D colour space defined by a plane. If some distractor resides on the same side of the colour space as the target, effortless search is precluded. This is particularly evident in Experiments 1-3, because two of the distractors could in fact be segregated from the target and the remaining distractor, but such a segregation appears to convey no benefit because performance across the two-and threedistractor not linearly separable conditions was so similar. When the target was linearly separable from all distractors, and all distractors could be segregated from the target by a single plane, search performance was dramatically improved.
The early visual system appears to be able to make use of the general direction of a difference in signaling a unique colour in the visual field, but not the magnitude of colour differences (at least in the range of differences under investigation in this work). Given that the target can be shown to pop out if presented in a display with only one of the distractors used in the two-distractor condition, or any two of the distractors in the three-distractor conditions, we know that the colour differences in this work are large enough to support pop out, at least under some conditions. A system that could use these magnitudes of colour differences (sufficient for pop out in our separable conditions) would not likely be defeated by the not-linearly-separable configurations. The suggestion is that the mechanisms that support pop out can use directions of colour differences, but not magnitudes of colour differences. Any non-target signal on the same side of the feature space as the target will defeat a mechanism that relies only on directions of differences, which is what appears to take place in configurations that are not linearly separable. To a first approximation, it appears that differences in any direction can be used to support pop out when the configuration is linearly separable. The mechanism that divides the space into the two regions can be oriented in that space in any direction including combinations of chromaticity and luminance. Of course, there are bounds on the ability of this mechanism to produce bona fide pop out search, i.e. performance with virtually zero slope. This issue was investigated in Bauer et al. (1996a, see their Figure 18 ). When the target and distractor colours were extremely close together in colour space, very large slopes were found for the not linearly separable condition. Using the same distractors, but now a linearly separable target, search slopes were reduced by more than half, though they still remained relatively high. Clearly, linear separability will not produce pop out search when the colours are taxing the limits of pairwise colour discriminability, nevertheless, we have shown here in four experiments that linear separability does render search much easier for colours separated by a few JNDs or more (see also Bauer et al. (1996a, Figure 15) ). 
